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Abstract

release mechanism in R kingianum rhizome buds.

Background: The rhizome of Polygonatum kingianum Coll. et Hemsl (P kingianum) is a crucial traditional Chinese
medicine, but severe bud dormancy occurs during early rhizome development. Low temperature is a positive factor
affecting dormancy release, whereas the variation in carbohydrates during dormancy release has not been investi-
gated systematically. Therefore, the sugar content, related metabolic pathways and gene co-expression were analysed
to elucidate the regulatory mechanism of carbohydrates during dormancy release in the P kingianum rhizome bud.

Results: During dormancy transition, starch and sucrose (Suc) exhibited opposing trends in the P kingianum rhi-
zome bud, representing a critical indicator of dormancy release. Galactose (Gal) and raffinose (Raf) were increased in
content and synthesis. Glucose (Glc), cellulose (Cel), mannose (Man), arabinose (Ara), rhamnose (Rha) and stachyose
(Sta) showed various changes, indicating their different roles in breaking rhizome bud dormancy in P. kingianum. At
the beginning of dormancy release, Glc metabolism may be dominated by anaerobic oxidation (glycolysis followed
by ethanol fermentation). After entering the S3 stage, the tricarboxylic acid cycle (TCA) and pentose phosphate
pathway (PPP) were may be more active possibly. In the gene co-expression network comprising carbohydrates and
hormones, HYD1 was identified as a hub gene, and numerous interactions centred on STS/SUS were also observed,
suggesting the essential role of brassinosteroids (BRs), Raf and Suc in the regulatory network.

Conclusion: We revealed cold-responsive genes related to carbohydrate metabolism, suggesting regulatory mecha-
nisms of sugar during dormancy release in the P, kingianum rhizome bud. Additionally, gene co-expression analysis
revealed possible interactions between sugar and hormone signalling, providing new insight into the dormancy
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Introduction

Polygonatum kingianum (P. kingianum) is an essential
traditional Chinese medicinal plant included in the Phar-
macopoeia of the People’s Republic of China in 2020 [1].
Its medicinal and health care value has been accepted by
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an increasing number of people, resulting in increased
plant collection and reduced wild resources over time.
Currently, vegetative propagation is the main cultiva-
tion method for P kingianum, but long-term asexuality
easily causes variety degradation and is not conducive to
variety breeding. P kingianum can reproduce sexually
through its seeds; however, severe bud dormancy occurs
at the stages of early rhizome development (Fig. S1F) [2],
limiting P. kingianum production.
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Chilling treatment can considerably promote bud dor-
mancy release, and several studies have demonstrated
that carbohydrates are closely related to this process
[3]. Starch and sucrose (Suc) showed opposite dynamic
trends in content and anabolism during seasonal shift-
related processes [4]; for example, starch degradation
pathways were significantly enriched [5], but the mono-
saccharide content increased gradually in beans during
dormancy break [6], and such metabolic changes were
also observed in sweet potato [7] and ginger [8]. Interest-
ingly, the reducing and nonreducing sugar contents also
showed inverse changes during bud dormancy [9]. Addi-
tionally, applying glucose (Glc), Suc and maltose to roots
could promote the germination of Lepidopsis thunb [10],
with interesting changes in Glc metabolism during bud
dormancy release. The proportion of pentose phosphate
pathway (PPP) activity in respiration increased gradually
after the release of peony bud dormancy induced by cold
treatment, while the proportion of Embden-Meyerhof-
Parnas (EMP) pathway activity decreased gradually [11].
Similarly, grape buds whose dormancy had been released
by chemical treatment exhibited increased PPP activ-
ity [12, 13]. However, opposite results have also been
reported; for example, the EMP pathway and tricarbo-
xylic acid cycle (TCA) cycle activities were improved
after dormancy break by cold treatment in tree peony
and grape buds [14, 15], likely explaining the dormancy
transition, while PPP activity decreased gradually with
sprouting in apple [16] and in other plant buds [17, 18].
Carbohydrates do not play a separate role in responding
to low temperature to regulate bud dormancy but inter-
act with hormone-related molecules. For example, absci-
sic acid (ABA) synthesis mutants were less responsive
to Glc or Suc [19]. Additionally, the indole-3-acetic acid
(IAA) biosynthesis gene ZmYUCCA could be regulated
by sugars [20], and gibberellin (GA) treatment influenced
sucrose phosphate synthase (SPS)/sucrose synthase
(SUS) expression and Suc accumulation [21]. The above
results suggest that sugar molecules play an essential role
in regulating bud dormancy [22].

P, kingianum is a crucial traditional Chinese medicine;
however, rhizome bud dormancy hinders reproduction,
and the mechanism of bud dormancy release promoted
by low temperature remains unclear, particularly the car-
bohydrate regulation response to cold during bud dor-
mancy release. Additionally, polysaccharides are the main
medicinal component, and the polysaccharide biosyn-
thetic pathway remains to be explored in P kingianum.
The current study investigated carbohydrate metabolism
and cross-links with phytohormones responding to cold
during bud dormancy release in P. kingianum. This study
aimed to identify valuable genes associated with bud dor-
mancy and provide a foundation for breeding excellent
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germplasms without bud dormancy. Additionally, our
report will provide valuable clues to identify candidate
genes involved in polysaccharide biosynthesis and facili-
tate future studies on the molecular mechanisms of poly-
saccharide biosynthesis.

Materials and methods

Plant materials

P, kingianum seeds were collected from Hongpo village,
Deqin County, Yunnan Province, China (27°48'46.03"N,
99°47'55.12"E) and were identified by Professor Xuehui
Dong, College of Agronomy and Biotechnology, China
Agricultural University. We collected P. kingianum seeds
from landowners after acquiring their permission, and no
other specific permissions were required for collection.
The field study was supported by the Yunnan Drug Regu-
latory Administration and did not involve endangered or
protected species.

The P kingianum seeds were cultivated using wet
sand with diameters of 0.05-0.8 mm in a growth cham-
ber in the dark at 25 °C for approximately 46 days until
the rhizome buds elongated to approximately 3—6 mm
(Fig. S1f), after which the buds began to enter the endo-
dormant state. Well-developed primary rhizomes were
placed at 4 °C for different durations (0d, 15d,30d, 45d,
60 d, 75 d, 90 d and 105 d). In our previous study [2], we
identified three dormancy stages of P. kingianum buds:
S1 (endodormancy, the bud was subjected to cold treat-
ment for 15 d and was in a quiescent state), S2 (the bud
was subjected to cold treatment for 30 d, and dormancy
was partially released) and S3 (ecodormancy, the bud was
subjected to cold treatment for 90 d, and dormancy was
fully released). After each cold treatment, the rhizome
buds were picked off. Some rhizome buds were quickly
frozen in liquid nitrogen and stored at -80 °C for sugar
detection and RNA extraction, and the other samples
were stored in formalin-acetic acid-alcohol until section-
ing for periodic acid-Schiff (PAS) staining.

Carbohydrate content detection

Tissue extraction was conducted according to the Gesch
[23] method. The rhizome bud was ground to powder
in liquid nitrogen. Approximately 250-300 mg of sam-
ple was extracted with 80% ethanol 3 times at 85 °C.
The mixed extraction solution was stabilized at 12 ml
and then was incubated overnight at 4 °C. The superna-
tant was blown dry with nitrogen, after which the pre-
cipitate was dissolved in 2 ml of deionized water and
filtered into a high-performance liquid chromatography
(HPLC) injection vial using a 0.45-mm semipermeable
membrane. An Aminex HPX-87 N column and refrac-
tive index detector were used for HPLC analysis of Glc,
Suc, mannose (Man), galactose (Gal), rhamnose (Rha),
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arabinose (Ara), cellulose (Cel), raffinose (Raf) and
stachyose (Sta). The precipitate generated after ethanol
extraction in the above process was dried at 60 °C for
starch analysis. After drying, the precipitate was incu-
bated with KOH (0.2 M, 1 ml) in boiling water for 30 min,
and then acetic acid (1 M, 0.2 ml) was added. Next,
the solution was incubated in acetate buffer contain-
ing starch glycosidase (pH 4.6). After centrifugation, the
supernatant was collected and dried with nitrogen, and
the precipitate was dissolved in 2 ml of deionized water.

Section preparation and PAS staining

The polysaccharide content in the same part of the rhi-
zome buds after cold treatment for 0 d, 15 d, 30 d, 45 d,
60 d, 75 d, 90 d and 105 d was determined according to
the method reported by Xu [24]. Paraffin sections with
a thickness of 8 um were obtained and stained with
Schiff reagent. After staining, the sections were observed
and photographed by using an OLYMPUS CCD optical
microscope. Image]J software was used to randomly select
10 sites in each slice to analyse density statistics.

Quantitative real-time PCR analysis

Total RNA from S1, S2, and S3 rhizome buds was
extracted with TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). Two micrograms of total RNA was used to
synthesize first-strand cDNA with a SuperScript IV
Kit (Thermo Fisher Scientific), and then the cDNA was
diluted to 100 pl for gqRT-PCR amplification. L/BQ?7 (for-
ward primer: 5-ACCCCTTGTAATACCAGTGAC-3;
reverse primer: 5-AATAGCAGGTCGTTTCC-3’) served
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as the internal control gene [2]. The expression of STS
(forward primer: 5-GTCATCACCTGCTCTACCAA-3;
reverse primer: 5-TGATGGCTTGACTAAGTCCCT-3),
SIP1 (forward primer: 5-ATAAGAAATTGCGTCTCG
AA-3] reverse primer: 5-GATTCATGTGTACTTTCC
GAT-3’), SPS3 (forward primer: 5-ACGCTCTTTAGG
TTACCAG-3’, reverse primer: 5-AAGAGTATGAAT
TTCCTCGAT-3’) and SUS3 (5-AATGTTCCAAGTAAG
GCCAT-3} 5-GCATTCTCATATTTTGCGAGT-3) was
analysed. The primers were designed by using Primer 5.0
and Oligo 7. qRT-PCR was performed with an Applied
Biosystems'~ 7500 Fast system. The relative expression
of each gene was calculated by using the 2722t method
[25].

Analysis of carbohydrate metabolic pathways

The transcriptomic data that were previously reported by
our team (NCBI: SRA accession No. SRP149787) for S1,
S2 and S3 rhizome buds were used for the current anal-
ysis. The upregulated and downregulated genes in both
S2 vs. S1 and S3 vs. S2 were analysed by using Ingenuity
Pathway Analysis and MapMan software, respectively.

Results

Changes in the carbohydrate content in P. kingianum buds
The distribution of the free sugar content in all P
kingianum rhizome buds is shown in Fig. 1. The Glc
content was the highest, with values of approximately
10-15 mg/g. The Suc and Cel levels ranged from 4 to
9 mg/g, and the Man and Ara levels ranged from 0.6 to
1.2 mg/g. The levels of Gal, Rha, Raf and Sta were the
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Fig. 1 Distribution of the levels of the sugars in P. kingianum rhizome buds during dormancy release. Blue boxes represent free sugars, and pink
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Fig. 2 Dynamic changes in the sugar levels in P kingianum rhizome buds during cold treatment. Free sugars are shown in (A) and (B), and
monosaccharides derived from polysaccharides are shown in (C). Vertical bars indicate the standard error. Columns annotated by the same letter are
not obviously different (P<0.05)

lowest and were all below 0.4 mg/g. The above results
showed that Glc, Suc and Cel were the main free sugars
in the P kingianum rhizome buds. In contrast to free
sugars, the monosaccharides derived from polysaccha-
rides in the P kingianum rhizome buds were Glc, Gal,
Man, Ara, Rha and fucose (Fuc), listed here in the order
of decreasing levels (Fig. 1).

During the whole chilling process, the Suc, Gal and
Raf levels increased significantly (Fig. 2A and B). How-
ever, the levels of Rha, Sta and Cel were decreased and
Sta decreased to 0 mg/g at later stages of cold treat-
ment. The qRT-PCR results (Fig. S2) were not strictly
consistent with the Suc and Sta levels, suggesting reg-
ulation at the level of protein translation. Other sug-
ars, such as Ara, Man and Glc, showed no significant
changes.

The PAS staining and densitometric analysis results
(Fig. 3) showed that during 0-75 d of chilling treat-
ment, the stain density gradually increased and peaked
at 75 d, followed by a slight decrease, suggesting that
the polysaccharide content increased significantly dur-
ing 0-75 d and then decreased at later stages of cold
treatment. Interestingly, all 6 monosaccharides showed
increased followed by decreased levels as the number
of days of cold treatment increased, and the peak value
occurred at 60-75 d. This result was consistent with
the PAS staining result. Additionally, the starch con-
tent was similar to that of polysaccharides, but the peak
value occurred at 30—45 d.

Analysis of the starch and sucrose metabolism pathway
SPS catalyses the conversion of uridine diphosphate glu-
cose (UDPQG) to sucrose 6-phosphate (Suc-6P), which is
the key enzyme for Suc synthesis. SUS is responsible for
catalysing the conversion of Suc to UDPG and fructose
(Fru). Fructofuranosidase (sacA) promotes the hydrolysis
of Suc to Fru and Glc. The last step is the hydrolysis of
Fru to Fru-6P by fructokinase (scrK). The expression lev-
els of these genes mentioned above are shown in Fig. 4
and Table S1. SPS exhibited constitutive expression in
both S2 vs. S1 and S3 vs. S2, and a difference may not
exist in Suc synthesis during dormancy release. SUS and
sacA showed increased expression in the comparison of
S2 vs. S1 (the log,FC values of the 6 SUS transcripts were
1.93, 3.29, 2.59, 1.30, -1.49, and -2.29, and the log,FC val-
ues of the 6 sacA transcripts were 4.1, 1.77, 2.05, 1.48,
3.84, and -1.08) and S3 vs. S2 (the log,FC values of the
5 SUS transcripts were 1.23, 3.59, 2.94, -1.63, and -1.35,
and the log,FC values of the 6 sacA transcripts were 1.35,
1.93,4.28,1.15, -1.26, and -2.05). Additionally, all the scrK
transcripts were upregulated in S2 vs. S1 and S3 vs. S2.
The above results indicated that a significant increase in
Suc catabolism occurred during the process of dormancy
release induced by cold temperature. This result was not
consistent with the increased Suc content with the exten-
sion of chilling duration.

Adenosine diphosphate glucose (ADPG) pro-
vides glucosyl for starch synthesis; therefore, ADPG
synthesis is a crucial step for starch synthesis, and
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glucose-1-phosphate adenylyltransferase (glgC) is
responsible for this process. Starch synthase (gigA)
catalyses the conversion of ADPG to amylose, which is
then converted to starch by 1,4-alpha-glucan branch-
ing enzyme (glgB). Three key enzymes are involved
in the catabolism of starch—glycogen phosphorylase
(glgP), maltase-glucoamylase (MGAM) and beta-amyl-
ase (AMY). In the S2 vs. S1 group (Fig. 4A), the log,FC
values of synthesis-related transcripts were 3.87, 3.32,
2.58, 1.31, -1.47 and 1.01, and the log,FC values of
catabolism-related transcripts were 1.90, 2.12, 3.05,
-2.48, -1.81, 1.09 and 1.71. Thus, in the early stage of
dormancy release, both the synthesis and degradation
of starch increased, but the increase in synthesis was
greater than that of degradation, likely explaining the
increase in the starch content during this period. In the
S3 vs. S2 group, no large changes in the log,FC values
of starch synthesis-related transcripts were observed
(Fig. 4B). However, the degradation activity increased
significantly, likely decreasing the starch content in the
S3 stage (Fig. 3).

Analysis of the galactose and glucose metabolism
pathways

Galactosidase (GLA) hydrolyses several galactoside
glycans to Gal, and this reaction is a critical source of
Gal. UDPG-hexose-1-phosphate  uridylyltransferase
(GALT) promotes the interconversion between galac-
tose-1-phosphate (Gal-1-P)+ UDPG and UDP-galactose

(UDP-Gal) 4 glucose-1-phosphate (Glc-1-P), which is a
key step in Gal metabolism. Inositol galactoside can be
decomposed to Raf by raffinose synthase, and this reac-
tion is an important source of Raf. Under the action of
stachyose synthase (STS), Raf is converted to Sta and
then to manninotriose. Finally, Gal can be produced
again from manninotriose and melibiose. In the S2 vs. S1
group (Fig. 5), GLAs were upregulated, possibly increas-
ing the Gal content in the S2 rhizome bud (Fig. 2A). Both
upregulated and downregulated genes related to raffinose
synthase (SIPs and DIN10) were observed, but the upreg-
ulation was stronger than the downregulation (Table S1).
STS exhibited decreased expression, but sacA was upreg-
ulated. The above results showed that the synthesis of
Raf increased, and the synthesis of Sta decreased, but the
catabolism of Sta increased; therefore, the Raf content
increased, but the Sta content decreased (Fig. 2B). Com-
parison of S3 vs. S2 revealed that the genes related to Gal
metabolism were only enriched in upregulated pathways,
particularly GLA and raffinose synthase genes, lead-
ing to increased Gal and Raf levels. Although stachyose
synthetase-related genes were significantly upregulated,
sacA was also significantly upregulated, likely leading to
a balance between the synthesis and metabolism of Sta
at this stage; therefore, the Sta content did not change
significantly.

Three primary pathways of Glc catabolism exist: the
EMP pathway, TCA cycle and PPP. The EMP path-
way was only enriched in the upregulated differentially
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expressed gene (DEG) group for S2 vs. S1 but not S3 vs.
S2 (Fig. S3). These genes included phosphoglucomutase
(PGM), phosphohexose isomerase (PHI), aldolase (ALD),
glyceraldehyde-3P-dehydrogenase, phosphoglycerate
kinase (PGK), phosphoglycerate mutase (PGAM), eno-
lase (NSE), pyruvate decarboxylase and acetaldehyde
dehydrogenase (ALDH). In contrast to the EMP pathway,
both the TCA cycle and PPP were only enriched in the
upregulated DEG group for S3 vs. S2 but not for S2 vs.
S1 (Table S1). This result showed that when dormancy
release began (from S1 to S2), anaerobic oxidation in the
glycolysis pathway may be the main way of Glc metabo-
lism (with increased expression of pyruvate decarboxy-
lase and ALDH). During the transition from S2 to S3,
aerobic oxidation of glycolysis possibly became the main
pathway (genes related to TCA were upregulated signifi-
cantly), while the activity of PPP also increased at this
stage.

Gene co-expression analysis between carbohydrate
and hormone metabolism
To examine possible interactions between carbohydrates
and hormones during bud dormancy release in P. kingi-
anum, 795 DEGs, including 518 DEGs related to carbo-
hydrate metabolism that are mentioned above and 277
DEGs related to hormone metabolism that were reported
in our previous study [2], were subjected to co-expres-
sion analysis. To ensure strong interactions among the
genes, 673 pairs of interactions with correlation coef-
ficients greater than 0.97 between 221 carbohydrate-
related genes and 159 hormone-related genes (Table S2)
were used to construct the co-expression network.

In the network (Fig. 6), 501 pairs of interactions showed
positive relationships, and 174 pairs of interactions exhib-
ited negative relationships. All the genes were sorted into

5 groups by K-means analysis based on their degree of
interaction. HYDI had the highest degree of interaction
and was identified as a hub gene. HYD]1 is responsible for
brassinosteroid (BR) synthesis, and 21 genes interacted
with HYDI, including AGALI, GALK, ACLB, GAPC2,
PGK, CSLDS, ACLA, BGLU, ACLA, ADGI1, PME2, and
ACLB. These genes are involved in Gal metabolism,
starch synthesis and glycolysis. HYDI, XTH4, XTHS,
ARF8, APT1, XTH9, APT5, ABCBI and AUXI were the
top 9 genes in terms of the degree of interaction and were
all related to hormone metabolism. STS, which encodes
stachyose synthase and is crucial for Sta synthesis, was
the gene with the highest degree of interaction among
the genes related to carbohydrate metabolism. Thirteen
genes were shown to interact with STS, including DWF4,
BRII, NIT4, TSAI, ILL6, ILL3, TIRI, ARR3 and ERFI110.
These genes are involved in the metabolism or signal
transduction of BR, IAA, cytokinins and ethylene.

Discussion

Carbohydrates are crucial signalling molecules for bud
dormancy

The present study showed that at the beginning of dor-
mancy release, the starch synthesis activity increased
and peaked at 30—45 d, leading to an increased starch
content (Figs. 3 and 4). Subsequently, the starch content
decreased continually, and the lowest value was reached
during the S3 stage. However, in contrast to our study,
the starch concentration decreased with increasing chill
accumulation in sweet cherry buds [4, 26]. This differ-
ence may be due to the materials used in this study being
the primary P. kingianum rhizome, which lacks nutri-
ents; therefore, nutrient accumulation is necessary for
life activities. Additionally, the seed and primary rhizome
were still not separated at this stage, and the nutrients
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Mannio: Manniotnose; Meli: Meliose

Fig. 5 Analysis of the galactose metabolism pathway during dormancy release in the P, kingianum rhizome bud. Comparisons of S2 vs. ST and S3
vs. S2 are shown in (A) and (B), respectively. Genes marked with red were upregulated, and genes marked with blue were downregulated. Galtan:
Galactan; Lac: Lactose; UDP-Galfur: UDP-Galactofuranose; Galtin: Galactinol; Melitol: Melibiitol; Epime: Epimelibiose; Gal-gly: Galactosyl-glycerol;
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inside the seed could be transported to the primary rhi-
zome through cotyledon coupling, causing the accumula-
tion of nutrients. In fact, the starch content was reported
to peak in the first 25 d of cold treatment in sweet cherry
varieties “BING” and “SWEETHEART", a finding that is
consistent with ours [26].

Previous studies have shown an inverse relationship
between the Suc and starch levels during dormancy
release, which lasted until the bud entered ecodormancy
[4], and this transformation was a crucial change during

bud dormancy. In the current study, the Suc content
increased continually during the whole cold treatment.
Furthermore, the starch content showed a decreasing
trend after 45 d of treatment. Therefore, this dynamic
change also followed the “inverse relationship” rule. Ley
[10, 27] proposed that low-molecular-weight carbohy-
drates (such as Suc, Glc and maltose) can promote bud
dormancy release in S. polyrrhiza, and this promotion
may be caused by osmotic effects; however, mannitol did
not have this effect. In our study, the Suc, Raf and Gal
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levels increased significantly with bud dormancy release
in P, kingianum.

In the P kingianum rhizome bud, reducing sugars
include Cel, Rha, Ara, Glc and Gal, and non-reducing
sugars include Raf, Suc, Sta and Man. The levels of reduc-
ing and non-reducing sugars showed opposite trends
during yam dormancy, with increased reducing sugar
levels and decreased non-reducing sugar levels [9]. This
previous conclusion is not consistent with our results
(Fig. 2).

During the 0-105 d cold treatment period, the lev-
els of all the monosaccharides derived from polysac-
charides peaked at 60-75 d, a finding that is consistent
with the PAS staining results. Polysaccharides are the
main effective components in the P kingianum rhi-
zome and directly affect the medicinal value; there-
fore, determining the optimal cold treatment duration
is critical. P kingianum polysaccharides comprise 6
monosaccharides—Glc, Gal, Man, Ara, Rha and Fuc

(Fig. 1). By contrast, in addition to the above monosac-
charides, xylose was also reported as a polysaccharide
component in P kingianum from Wenshan. However,
interestingly, Gal is not associated with Polygonatum
cyrtonema polysaccharides, whereas only 4 monosac-
charides are included in Polygonatum sibiricum [28].
Thus, significant differences were found in saccharides
in Polygonatum among different species or geographical
distributions.

Changes in the glucose and nucleotide sugar metabolism
pathways in dormancy release

Phosphofructokinase and pyruvate kinase are the
essential enzymes to regulate the glycolysis rate,
and a large amount of ATP is produced during the
two steps. However, no significant changes related
to these enzymes were observed in our study. Thus,
the requirement for ATP might be fairly low at the
beginning of bud dormancy release in P. kingianum.
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When the bud entered the S3 stage, the expression
of genes involved in the TCA cycle, such as those
encoding pyruvate decarboxylase, isolimonate dehy-
drogenase and o-ketoglutarate dehydrogenase, was
upregulated. The TCA cycle can provide a large
amount of ATP; thus, the demand for energy may
increase substantially after endodormancy release
in the P. kingianum rhizome bud. Besides, we mon-
itored that several genes involved in EMP were
upregulated only in S2 VS S1 group, however, both
the TCA cycle and PPP were only enriched in the
upregulated DEG group for S3 vs S2 but not for S2
vs S1, therefore, we speculated that EMP may be
the main way of Glc metabolism at the beginning of
dormancy release, in contrast, TCA and PPP were
possibly more active after entering S3 stage. Actu-
ally, more physiological experiments were needed to
verify this speculation, such as total respiration rate
respiration ratio of EMP, TCA and PPP under differ-
ent chilling treatments [13, 14], and we will continue
to refine this point in future studies.

Nucleotide sugars are crucial precursors for poly-
saccharide synthesis; therefore, we also analysed the
nucleotide sugar pathway. This pathway was enriched
in the downregulated DEG group for S2 vs. S1 (Fig.
S4) and the upregulated DEG group for S3 vs. S2. (Fig.
S5). UDPG is the donor of several polysaccharides and
the most widely studied nucleotide sugar [29]. Addi-
tionally, it is a crucial signal connecting carbohydrate
metabolism with other metabolic pathways. For exam-
ple, UDPG accumulation induces the utilization of sug-
ars for lipid synthesis [30]. Previous studies have also
shown that UDPG is a critical component of monosac-
charides in P kingianum [28]. Our study showed that
genes responsible for catalysing the interconversion
between Glc and UDPG as well as between UDPG and
UDP-Gal/UDP-Rha/UDP-SQ/UDP-GlcA exhibited
upregulated expression in S3 vs. S2 (Fig. S5). Further-
more, genes related to GDP-Man and GDP-Fuc were
significantly downregulated in S2 vs. S1 but upregu-
lated in S3 vs. S2. Man and Fuc are closely related to
cold resistance [31], and our study indicated that
they are also essential for chilling-induced dormancy
release in P kingianum buds. No significant changes
were observed in the metabolic pathway of CDP-sugar.
Additionally, Fru, Gal and Man are crucial energy sub-
stances that can be converted to phosphate-hexose and
then enter the glycolysis pathway to provide energy.
Hexokinase, scrK and MPI, which catalyse this process,
showed a significant increase in S3 vs. S2 (Fig. S5), indi-
cating that the entry of Fru and Man into glycolysis was
enhanced following completion of dormancy release in
P. kingianum.
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Regulatory mechanism of raffinose metabolism in rhizome
bud dormancy release

GLAs promote the hydrolysis of several glycosides, which
are the main components of the cell wall, to Gal. In our
study, the Gal content increased obviously and peaked
at the S3 stage (Fig. 2). This phenomenon reflected the
active degradation of polysaccharides in the cell wall dur-
ing this period. GLAs accelerate cell wall degradation
and allow nutrients to flow out of the cell, promoting cell
elongation and expansion. Additionally, the degradation
products can also enter other metabolic pathways. Pre-
vious studies have shown that GLA expression increases
during seed germination, which promotes endosperm
weakening, facilitating the emergence of radicles through
the seed coat [32]. A similar GLA-promoting mechanism
may occur during dormancy release in P. kingianum.

Raf is a crucial nonstructural carbohydrate in plants
[33] and plays an important role in cold stress, osmotic
adjustment, antioxidant activity and energy storage [34].
Previous studies have shown that Raf accumulates during
the seed germination process [35]. In the current study,
the Raf content in rhizome buds increased significantly
with dormancy release and peaked after endodormancy
was entirely released, indicating that Raf plays critical
roles in dormancy release induced by cold treatment.
Overexpression of OsGolS2 (the enzyme encoded by this
gene catalyses the conversion of UDP-Gal to produce
galactinol, a precursor to Raf) [36] improved the cold
resistance of rice by increasing the Raf content. In our
study, no obvious difference in the expression of this gene
was observed, but the raffinose synthase gene was upreg-
ulated in both S2 vs. S1 and S3 vs. S2. Thus, the key genes
that may be responsible for promoting Raf accumulation
and improving plant cold tolerance differ among species.
The key gene may be the raffinose synthase gene in the
primary rhizome bud of P. kingianum. Additionally, Suc
was also produced during Raf metabolism (Fig. 5), pos-
sibly explaining the increase in Suc, although increased
Suc catabolism occurred at the S3 stage.

Interactions between carbohydrate and hormone
catabolism

Several studies have reported the regulatory effect of
hormones on carbohydrate metabolism during fruit
development [37]. The present study also showed that
interactions between carbohydrates and hormones
occurred during bud dormancy release induced by chill-
ing in P, kingianum.

Exogenous ethylene treatment of potato tubers can
promote sugar (Suc, Glc and Fru) accumulation [38],
which is similar to the effect of cold incubation [39].
Additionally, gene mutations related to ethylene signal-
ling pathways caused changes in the sugar response [40].
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Previous studies have indicated that crosslinks might
exist among genes related to ethylene and sugar. Interest-
ingly, strong interactions between ethylene-related genes
(SAM, ERFI110, CTRI and EBF2) and SUS3/SPS were
observed in our network. This finding was consistent
with previous results showing that exogenous ethylene
treatment could increase SPS expression and the protein
content [41]. In addition, GA; can significantly enhance
SPS expression during the pear ripening process [42] and
Paeonia lactiflora dormancy release [43].

BRI1, a key gene in BR signal transduction, was present
in our network and interacted with PDH and STS. PDH
is a key gene involved in the aerobic oxidation of Glc, a
finding that might support the previous conclusions that
BR signal transduction is closely related to the sugar con-
tent and that BRI regulates growth and development in
response to sugars [44, 45]. Additionally, genes related
to BR synthesis, such as HYD1, FK.1, DWF4 and SMT1,
were positively related to starch metabolism. Interest-
ingly, HYD1 was identified as a hub gene in the network
(Fig. 6), strongly suggesting that BR played an impor-
tant regulatory role in carbohydrate metabolism during
bud dormancy release in P. kingianum. BR can stimulate
sugar signalling and affect the sugar content [46, 47].

The interactions between IAA and carbohydrates were
complex, and several related genes, such as ARFs, TSAL,
NIT4, YUCs, PINs and LAX3, were observed and dis-
tributed among several links with carbohydrate catabo-
lism. Studies on the relationship between carbohydrates
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and hormones have mainly focused on Suc and IAA. For
example, the polar transport of IAA contributes to Suc
absorption; in turn, Suc could induce IAA biosynthesis
[48, 49]. This interaction might also exist during bud dor-
mancy release in P. kingianum. Additionally, we observed
other interesting interactions centred on SIPI and STS§,
which encode raffinose synthase and stachyose synthase,
respectively. Several genes related to IAA, cytokinins,
jasmonic acid and ethylene signal transduction interacted
with the two genes, providing new insights to explore the
signalling network.

Proposed model of carbohydrate metabolism in response
to cold treatment to regulate bud dormancy in P.
kingianum

Based on the above results, a proposed model of carbo-
hydrate regulation in response to cold temperature dur-
ing rhizome bud dormancy in P kingianum is provided
(Fig. 7). The starch and Suc levels show opposing trends,
which may be a critical signal of dormancy release in
the P kingianum rhizome bud. The levels of Gal and Raf
increase with rhizome bud dormancy release, suggesting
positive regulatory effects on dormancy release. At the
initial stage of dormancy release in P. kingianum, anaero-
bic oxidation of the glycolysis pathway may be increased.
After entering ecodormancy, the TCA cycle and PPP
are possibly activated. HYD1 is regarded as a hub gene
interacting with numerous carbohydrate metabolism-
related genes; additionally, crosslinks guided by STS/SUS
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between Raf/Suc and hormones also occur, suggesting
that BR, Suc and Raf synergistically control the bud dor-
mancy transition of P. kingianum under cold treatment.
In this model, HYD1I, a BR biosynthetic gene, plays a cru-
cial role in response to cold treatment to regulate carbo-
hydrate metabolism and bud dormancy. BR accumulation
may be required to release bud dormancy in P, kingianum
[2].

Conclusions

This study defined carbohydrate changes in response to
cold treatment during bud dormancy release in P. kingi-
anum. In this process, starch and Suc showed opposite
trends, Gal and Raf exhibited increases in both content
and synthesis, and various changes also occurred in Glc,
Cel, Man, Ara, Rha and Sta. Additionally, Glc metabo-
lism was dominated by glycolysis in the early dormancy
stage, and the PPP and TCA cycle were more active with
dormancy gradually released. Interestingly, cross-links
occurred between carbohydrates and hormones, and
HYD1 was identified as a hub gene in the gene network
during bud dormancy release in P, kingianum.
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Additional file 1: Figure S1. Morphogenesis process of P kingianum. (A)
Seed of P kingianum. (B) Three days after the hypocotyl broke through
the seed coat, the seed was cultivated for 20 days at 25°C. (C) The epicotyl
begins to swell into a rhizome. (D-F) The rhizomes continue to swell, and
the roots (D) and buds (F) form. (F) The rhizome bud ceases growth and
enters endodormancy after the seed has been cultivated for 60 days

at 25°C. (G) The rhizome bud grows into a seedling after dormancy is
released by cold treatment at 4°C for 30 days followed by 15 days at 25°C.
(H-1) The seedlings continue to grow for another 40-60 days after stage G.

Additional file 2: Figure S2. gRT-PCR results of four genes at different
dormancy stages of P. kingianum rhizome buds. Proteins encoded by the
SUS3, SPS3, SIPT and STS genes are responsible for catalysing the conver-
sion of Suc to UDPG and fructose, UDPG to Suc-6P, inositol galactoside to
raffinose, and raffinose to stachyose, respectively.

Additional file 3: Figure S3. Analysis of the glycolysis pathway in S2 vs.
S1 during rhizome bud dormancy release. Genes marked with red were
upregulated, and genes marked with blue were downregulated.

Additional file 4: Figure S4. Analysis of the nucleotide sugar metabolism
pathway in S2 vs. S1 during dormancy release. Genes marked with green
were downregulated.

Additional file 5: Figure S5. Analysis of the nucleotide sugar metabolism
pathway in S3 vs. S2 during dormancy release. Genes marked with red
were upregulated.

Additional file 6: Table S1. Log,FC value of each gene related to 6 carbo-
hydrate metabolism pathways.

Additional file 7: Table S2. Parameters generated by gene coexpression
analysis.

Acknowledgements
Not applicable.

Page 11 of 13

Author’s contributions

Y.W. and CM. performed most of the experiments, analysed most of the data
and wrote the article with contributions from all the authors. T.L. and JW. pro-
vided fund and technical assistance in the experiment. X.W. helped edit the
manuscript. G.L. and J.C. provided key experimental materials. H.Y. provided
financial support. X.D. supervised the experiments. All the authors reviewed
the draft. All the author(s) have read and approved the final manuscript.

Funding

This work was supported by National Natural Science Foundation of China
(grant no. 82104344), the Key Laboratory of Urban Agriculture of East China
in Ministry of Agriculture and Rural Affairs (grant no. 31106020) and Natural
Science Foundation of Shandong Province, China (grant no. ZR2019PC042).
The funders did not directly participate in the collection of materials, design
of the experiment, analysis of data or writing of the manuscript but provided
financial support for the conduct of the study.

Availability of data and materials

All the data used in this study are included in the article with its supplemen-
tary material. We have deposited our transcriptome data in the Sequence
Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra/), and the accession
number for our submission is SRP151614.

Declarations

Ethics approval and consent to participate

All methods were in compliance with relevant institutional, national, and
international guidelines and legislation. The field study was supported by the
Yunnan Drug Regulatory Administration and did not involve endangered or
protected species.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Shandong Academy of Agricultural Sciences, Jinan, Shandong, China. *Key
Laboratory of East China Urban Agriculture, Ministry of Agriculture and Rural
Affairs, Jinan, Shandong, China. Tai'an Academy of Agricultural Science, Taian,
Shandong, China. “Shan Dong Agriculture and Engineering University, Jinan,
Shandong, China. °Tai'an Academy of Forestry Sciences, Taian, Shandong,
China. ®China Agricultural University, Beijing, China.

Received: 20 April 2021 Accepted: 21 March 2022
Published online: 01 April 2022

References

1. Chinese Pharmacopoeia Commission. Polygonatum. In: Pharmacopoeia
of the people’s republic of China, 1st section. Beijing: China Medical Sci-
ence and Technology; 2020. p. 323-324.

2. WangY,Liu X, SuH,Yin S, Han C, Hao D, et al. The regulatory mecha-
nism of chilling-induced dormancy transition from endo-dormancy
to non-dormancy in Polygonatum kingianum Coll. et Hemsl rhizome
bud. Plant Mol Biol. 2019;99(3):205-17. https://doi.org/10.1007/
s11103-018-0812-z.

3. Xavier M, Thierry A, Rein A, Cathy KB, Vojtéch L, Franois L, et al. Varia-
tion in cold hardiness and carbohydrate concentration from dormancy
induction to bud burst among provenances of three European oak
species. Tree Physiol. 2007;27(6):817-25. https://doi.org/10.1007/
$11258-006-9208-2.

4. Anderson JV, Gesch RW, Jia Y, Chao WS, Horvath DP. Seasonal shifts in
dormancy status, carbohydrate metabolism, and related gene expression
in crown buds of leafy spurge. Plant Cell Environ. 2005;28(12):1567-78.
https://doi.org/10.1111/j.1365-3040.2005.01393 x.

5. Jain M, Srivastava PL, Verma M, Ghangal R, Garg R. De novo transcriptome
assembly and comprehensive expression profiling in Crocus sativus to


https://doi.org/10.1186/s12870-022-03558-0
https://doi.org/10.1186/s12870-022-03558-0
http://www.ncbi.nlm.nih.gov/sra/
https://doi.org/10.1007/s11103-018-0812-z
https://doi.org/10.1007/s11103-018-0812-z
https://doi.org/10.1007/s11258-006-9208-2
https://doi.org/10.1007/s11258-006-9208-2
https://doi.org/10.1111/j.1365-3040.2005.01393.x

Wang et al. BMC Plant Biology

20.

21.

22.

23.

24

(2022) 22:163

gain insights into apocarotenoid biosynthesis. Sci Rep. 2016;6(1):22456—
68. https://doi.org/10.1038/srep22456.

Jom KN, Frank T, Engel KH. A metabolite profiling approach to follow
the sprouting process of mung beans (Vigna radiata). Metabolomics.
2011;7(1):102-17. https://doi.org/10.1007/511306-010-0236-5.

Jayram BA, Khalid A, Jeremy D, Sneh LP. Metabolic shift in sug-

ars and amino acids regulates sprouting in Safron corm. Sci Rep.
2017,9(9):237-47.

Panneerselvam R, Jaleel CA, Somasundaram R, Sridharan R, Gomathinay-
agam M. Carbohydrate metabolism in Dioscorea esculenta (Lour.) Burk.
tubers and Curcuma longa L. rhizomes during two phases of dormancy.
Colloid Surface B. 2007;59(1):59-66. https://doi.org/10.1016/j.colsurfb.
2007.04.006.

Hariprakash CS, Nambisan B. Carbohydrate metabolism during dormancy
and sprouting in yam (Dioscorea) tubers: Changes in carbohydrate
constituents in yam (Dioscorea) tubers during dormancy and sprouting. J
Agr Food Chem. 1996;44(10):3066-9. https://doi.org/10.1021/jf950784d.
Ley S, Dolger K, Appenroth KJ. Carbohydrate Metabolism as a Possible
Physiological Modulator of Dormancy in Turions of Spirodela polyrhiza
(L) Schleiden. Plant Sci. 1997;129(1):1-7. https://doi.org/10.1016/S0168-
9452(97)00151-9.

. Zhang Y, Yu D, Liu C, Gai S. Dynamic of carbohydrate metabolism and the

related genes highlights PPP pathway activation during chilling induced
bud dormancy release in tree peony (Paeonia suffruticosa). Sci Hortic.
2018;242:36-43. https://doi.org/10.1016/j.scienta.2018.07.022.

Halaly T, Pang X, Batikoff T, Crane O, Keren A, Venkateswari J, et al. Similar
mechanisms might be triggered by alternative external stimuli that
induce dormancy release in grape buds. Planta. 2008;228(1):79-88.
https://doi.org/10.1007/500425-008-0720-6.

Vergara R, Pérez FJ. Similarities between natural and chemically induced
bud-endodormancy release in grapevine Vitis vinifera L. Sci Hortic.
2010;125(4):648-53. https://doi.org/10.1016/j.scienta.2010.05.020.

Zhang T, YuanY, Zhan Y, Cao X, Gai S. Metabolomics analysis reveals Emb-
den Meyerhof Parnas pathway activation and flavonoids accumulation
during dormancy transition in tree peony. BMC Plant Bio. 2020;20(1):484~
99. https://doi.org/10.1186/512870-020-02692-x.

Cong S, Wang H, Wang X, Wang B, Zheng X, Shi X, et al. Respiratory
changes during dormancy of grape buds. Sci Agric Sin. 2013;46(6):1201—
7. https://doi.org/10.3864/j.issn.0578-1752.2013.06.013.

Wang SY, Jiao HJ, Faust M. Changes in metabolics enzyme-activities
during thidiazuron-induced lateral budbreak of apple. Hortscience.
1991;26(2):171-3. https://doi.org/10.21273/hortsci.26.2.171.

Rolland F, Baena-Gonzalez E, Sheen J. Sugar sensing and signaling

in plants: conserved and novel mechanisms. Annu Rev Plant Biol.
2006;57:675-709. https://doi.org/10.1146/annurev.arplant.57.032905.
105441.

Akoumianakis KA, Aivalakis G, Alexopoulos A, Karapanos |, Skarmoutsos
K, Passam H. Bromoethane-induced changes in respiration rate, ethylene
synthesis, and enzyme activities in potato tubers in relation to dormancy
breakage. J Hortic Sci Biotechnol. 2008;83(4):441-6. https://doi.org/10.
1080/14620316.2008.11512404.

Laby RJ, Kincaid MS, Kim D, Gibson SI. The Arabidopsis sugar-insensitive
mutants sis4 and sis5 are defective in abscisic acid synthesis and
response. Plant J. 2010;23(5):587-96. https://doi.org/10.1046/j.1365-313x.
2000.00833.x.

Leclere S, Chourey SPS. Sugar Levels Regulate Tryptophan-Depend-

ent Auxin Biosynthesis in Developing Maize Kernels. Plant Physiol.
2010;153(1):306-18. https://doi.org/10.1104/pp.110.155226.

Misra A, Srivastava NK, Srivastava AK, Khan A. Influence of etherel and
gibberellic acid on carbon metabolism, growth, and alkaloids accumula-
tion in Catharanthus roseus L. Afr J PharmPharmaco. 2009;3(11):515-20.
Mason MG, Ross JJ, Babst BA, Wienclaw BN, Beveridge CA. Sugar demand,
not auxin, is the initial requlator of apical dominance. P Natl Acad Sci.
2014;111(16):6092-7. https://doi.org/10.1073/pnas.1322045111.

Gesch RW, Vu JCV, Boote KJ, Allen LH, Bowes G. Sucrose-phosphate
synthase activity in mature rice leaves following changes in growth CO,
is unrelated to sucrose pool size. New Phytol. 2002;154(1):77-84. https://
doi.org/10.1046/j.1469-8137.2002.00348 x.

Xu H, Cao D, ChenY, Wei D, Wang Y, Stevenson RA, et al. Gene expres-
sion and proteomic analysis of shoot apical meristem transition from

25

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 12 of 13

dormancy to activation in Cunninghamia lanceolata (Lamb.) Hook. Sci
Reports. 2016;6:19938. https://doi.org/10.1038/srep19938.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data

using real-time quantitative PCR and the 2~ 4T method. Methods.
2001;25(4):402-8. https://doi.org/10.1006/meth.2001.1262.

Fernandez E, Cuneo IF, Luedeling E, Alvarado L, Saa S. Starch and hexoses
concentrations as physiological markers in dormancy progression of
sweet cherry twigs. Trees. 2019;33(4):1187-201. https://doi.org/10.1007/
s00468-019-01855-0.

Malek L. The effect of drying on Spirodela polyrhiza turion germination.
Can JBot. 2011;59(1):104-5. https://doi.org/10.1139/b81-017.

Wang S. Studies on germplasm resources of polygonatum based on
glycosome, metabolome and transcriptome: Shaanxi Normal University.
2017.

Lamerz AC, Haselhorst T, Bergfeld AK, Von IM, Gerardy SR. Molecular clon-
ing of the Leishmania major UDP-glucose pyrophosphorylase, functional
characterization, and ligand binding analyses using NMR spectroscopy.

J Bio Chem. 2006;281(24):16314-22. https://doi.org/10.1074/jbc.M6000
76200.

Huang W, Haferkamp |, Lepetit B, Molchanova M, Kroth PG. Reduced
vacuolar 3-1,3-glucan synthesis affects carbohydrate metabolism as

well as plastid homeostasis and structure in Phaeodactylum tricornutum.
P Natlacad Sci USA. 2018;115(18):274-9. https://doi.org/10.1073/pnas.
1719274115.

Li M. Study on the function of UDP glucose pyrophosphorylase and
phosphoglucose mutase genes in the carbon metabolism pathway of
ganoderma lucidum: Nanjing Angricultural University. 2015.

Cheng Q. Study on the weakening mechanism of Endosperm in Polygo-
natum Seeds: Northwest Agriculture and Forestry University. 2016.
Sengupta S, Mukherjee S, Basak P, Majumder AL. Significance of galactinol
and raffinose family oligosaccharide synthesis in plants. Front Plant Sci.
2015;6:656. https://doi.org/10.3389/fpls.2015.00656.

Nishizawa A, Yabuta Y, Shigeoka S. Galactinol and raffinose constitute a
novel function to protect plants from oxidative damage. Plant Physiol.
2008;147(3):1251-63. https://doi.org/10.1104/pp.108.122465.

Wu X. Study on dynamic metabolomics of mung bean germination:
Graduate University of the Chinese Academy of Sciences. 2014.

Li HC, Hyeong GO, Sung JK, Jungeun L, Hyun P, Hyoungseok L, et al.
Poaceae Type Il Galactinol Synthase 2 from Antarctic Flowering Plant
Deschampsia antarctica and Rice Improves Cold and Drought Tolerance
by Accumulation of Raffinose Family Oligosaccharides in Transgenic Rice
Plants. Plant Cell Physiol. 2019;65(9):456-69. https://doi.org/10.1093/pcp/
pcz180.

Meng FX, Guan GY, Yin DP, Wang BY. Research progress of hormone
regulation in fruit sugar metabolism. J Yunnan Univ. 2019;41(4):.819-31.
https://doi.org/10.7540/j.ynu.20180354.

Foukaraki SG, Cools K, Chope GA, Terry LA. Impact of ethylene and 1-MCP
on sprouting and sugar accumulation in stored potatoes. Postharvest Biol
Tech. 2016;114:95-103. https://doi.org/10.1016/j.postharvbio.2015.11.
013.

Tosettia R, Watersb A, Chopec GA, Coolsd K, Alamara MC, McWilliamc

S, et al. New insights into the effects of ethylene on ABA catabolism,
sweetening and dormancy in stored potato tubers. Postharvest Biol Tec.
2021;173:111420. https://doi.org/10.1016/j.postharvbio.2020.111420.
Yanagisawa S, Yoo SD, Sheen J. Differential regulation of £IN3 stability by
glucose and ethylene signalling in plants. Nature. 2003;425(6957):521-5.
https://doi.org/10.1038/nature01984.

Huang D, Liao Q. Research progress of sucrose phosphate synthase in
plants. Chin J Biotechnol. 2012;32(6):109-19.

Zhen G, Zhang C, Meng L, Wu Y, Chao M. Proteomic analysis of pear
(Pyrus pyrifolia) ripening process provides new evidence for the sugar/
acid metabolism difference between core and mesocarp. Proteomics.
2016;16(23):3025. https://doi.org/10.1002/pmic.201600108.

Jiang NN, Xiang ZQ, Wang Y, Sun'Y, Fang YF, Xu JG. Effects of GA; on
dormancy release, endogenous hormones levels and sugar metabolism
in Paeonia lactiflora’Da Fugui’ J Nanjing Forestry Univ. 2020;44(3):26-32.
https://doi.org/10.3969/j.issn.1000-2006.201909019.

Gupta A, Singh M, Laxmi A. Interaction between Glucose and Brassinos-
teroid during the Regulation of Lateral Root Development in Arabidopsis.
Plant Physiol. 2015;168(1):307-20. https://doi.org/10.1104/pp.114.256313.


https://doi.org/10.1038/srep22456
https://doi.org/10.1007/s11306-010-0236-5
https://doi.org/10.1016/j.colsurfb.2007.04.006
https://doi.org/10.1016/j.colsurfb.2007.04.006
https://doi.org/10.1021/jf950784d
https://doi.org/10.1016/S0168-9452(97)00151-9
https://doi.org/10.1016/S0168-9452(97)00151-9
https://doi.org/10.1016/j.scienta.2018.07.022
https://doi.org/10.1007/s00425-008-0720-6
https://doi.org/10.1016/j.scienta.2010.05.020
https://doi.org/10.1186/s12870-020-02692-x
https://doi.org/10.3864/j.issn.0578-1752.2013.06.013
https://doi.org/10.21273/hortsci.26.2.171
https://doi.org/10.1146/annurev.arplant.57.032905.105441
https://doi.org/10.1146/annurev.arplant.57.032905.105441
https://doi.org/10.1080/14620316.2008.11512404
https://doi.org/10.1080/14620316.2008.11512404
https://doi.org/10.1046/j.1365-313x.2000.00833.x
https://doi.org/10.1046/j.1365-313x.2000.00833.x
https://doi.org/10.1104/pp.110.155226
https://doi.org/10.1073/pnas.1322045111
https://doi.org/10.1046/j.1469-8137.2002.00348.x
https://doi.org/10.1046/j.1469-8137.2002.00348.x
https://doi.org/10.1038/srep19938
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1007/s00468-019-01855-0
https://doi.org/10.1007/s00468-019-01855-0
https://doi.org/10.1139/b81-017
https://doi.org/10.1074/jbc.M600076200
https://doi.org/10.1074/jbc.M600076200
https://doi.org/10.1073/pnas.1719274115
https://doi.org/10.1073/pnas.1719274115
https://doi.org/10.3389/fpls.2015.00656
https://doi.org/10.1104/pp.108.122465
https://doi.org/10.1093/pcp/pcz180
https://doi.org/10.1093/pcp/pcz180
https://doi.org/10.7540/j.ynu.20180354
https://doi.org/10.1016/j.postharvbio.2015.11.013
https://doi.org/10.1016/j.postharvbio.2015.11.013
https://doi.org/10.1016/j.postharvbio.2020.111420
https://doi.org/10.1038/nature01984
https://doi.org/10.1002/pmic.201600108
https://doi.org/10.3969/j.issn.1000-2006.201909019
https://doi.org/10.1104/pp.114.256313

Wang et al. BMC Plant Biology

45.

46.

47.

48.

49.

(2022) 22:163

Zhang ZZ, Zhu JY, Jeehee R, Marchive C, Kim SK, Meyer C, et al. TOR
signaling promotes accumulation of BZR1 to balance growth with carbon
availability in Arabidopsis. Curr Biol. 2016,26(14):1854-60. https://doi.org/
10.1016/j.cub.2016.05.005.

Yuan L, Zhu S, Li S, Shu S, Sun J, Guo S. 24-Epibrassinolide regulates
carbohydrate metabolism and increases polyamine content in cucumber
exposed to Ca(NO,), stress. Acta Physiol Plant. 2014;36(11):2845-52.
https://doi.org/10.1007/511738-014-1612-y.

Yang HJ, Yuan XY, Guo PY. Effects of brassinolide on photosynthetic
fluorescence characteristics and sugar metabolism of millet leaves under
the stress of kuoshima. Scientia Agricultura Sinica. 2017;50(13):2508-18.
Jia HX, Wang C. Abscisic acid, sucrose and auxin coordinately regulate
berry ripening process of the Fujiminori grape. Funct Integr Genomic.
2017;17(4):1-17. https://doi.org/10.1007/510142-017-0546-z.

Moore B, Zhou L, Rolland F, Hall Q, Cheng WH, Liu YX, et al. Role of the
Arabidopsis Glucose Sensor HXKT in Nutrient, Light, and Hormonal
Signaling. Science. 2003;300(5617):332-6. https://doi.org/10.1126/scien
ce.1080585.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.cub.2016.05.005
https://doi.org/10.1016/j.cub.2016.05.005
https://doi.org/10.1007/s11738-014-1612-y
https://doi.org/10.1007/s10142-017-0546-z
https://doi.org/10.1126/science.1080585
https://doi.org/10.1126/science.1080585

	Carbohydrate regulation response to cold during rhizome bud dormancy release in Polygonatum kingianum
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Plant materials
	Carbohydrate content detection
	Section preparation and PAS staining
	Quantitative real-time PCR analysis
	Analysis of carbohydrate metabolic pathways

	Results
	Changes in the carbohydrate content in P. kingianum buds
	Analysis of the starch and sucrose metabolism pathway
	Analysis of the galactose and glucose metabolism pathways
	Gene co-expression analysis between carbohydrate and hormone metabolism

	Discussion
	Carbohydrates are crucial signalling molecules for bud dormancy
	Changes in the glucose and nucleotide sugar metabolism pathways in dormancy release
	Regulatory mechanism of raffinose metabolism in rhizome bud dormancy release
	Interactions between carbohydrate and hormone catabolism
	Proposed model of carbohydrate metabolism in response to cold treatment to regulate bud dormancy in P. kingianum

	Conclusions
	Acknowledgements
	References


